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A B S T R A C T
Porosity was measured for 21 AA2319 wire and arc additive manufacture (WAAM) panels built using diﬀerent
wire batches, cold metal transfer (CMT) modes, wire feed speed (WFS) and travel speed (TS). Image analysis
software was used to measure the porosity across two diﬀerent planes, totalling an area of 84mm2 approxi-
mately 20 layers in height. Porosity was not strongly dependent on CMT mode, WFS and WFS to TS ratio within
the ranges tested but batch-to-batch variability in feedstock wire had a signiﬁcant inﬂuence on area of porosity
and size distribution. Wire characterisation showed that porosity did not appear to depend on bulk composition
but was inﬂuenced by surface ﬁnish. Surface ﬁnish could aﬀect hydrogen content on the wire surface and arc
stability which would aﬀect porosity. Further investigation of the relationships between surface ﬁnish and
surface hydrogen content, and surface ﬁnish and arc stability is required to understand porosity formation in
aluminium WAAM components.
1. Introduction
Wire and arc additive manufacture (WAAM) is a process in which
feedstock wire is deposited in layers by robotically controlled welding
torches to build large near-net shapes. It has the potential to enable a
reduction in the high economic and environmental cost of conven-
tional, subtractive manufacturing. The buy-to-ﬂy (BTF) ratio, a measure
of the amount of material bought compared to the amount of material
in the ﬁnished part, is signiﬁcantly reduced using WAAM compared to
conventional manufacturing: for an titanium external landing gear, the
BTF ratio was reduced to 1.2, enabling a material saving of over 220 kg
per part, and BTF ratios of under 1.5 are commonly achieved (Williams
et al., 2015).
One of the challenges facing commercialisation of WAAM for alu-
minium component production is high levels of porosity (Williams
et al., 2015). High levels of porosity can result in lower values for key
material properties (Rudy and Rupert, 1970). Even more problematic is
the lack of reproducibility of the performance of a materials. It is this
issue which complicates qualiﬁcation of both process and components,
which will limit commercial application of WAAM. In order for WAAM
to be commercially viable, porosity needs to be understood, monitored
and reproducibly reduced to an acceptable level.
There are several mechanisms for porosity nucleation in aluminium.
The dominant cause of porosity formation during aluminium WAAM
and welding, a process on which WAAM is based, is widely recognised
as hydrogen evolution during solidiﬁcation. This results from the very
large diﬀerence, a factor of 20, in solubility of hydrogen in liquid and
solid aluminium. Hydrogen gas evolves as the weld pool solidiﬁes and is
then trapped as bubbles in the solid metal, typically resulting in sphe-
rical pores. The equilibrium solubility of hydrogen has been reported as
0.65ml per 100 g in molten pure aluminium and 0.034ml per 100 g in
solid pure aluminium (Boeira et al., 2009). Another mechanism is
shrinkage porosity which results in irregularly shaped pores. Shrinkage
porosity results from hydrogen migration into the voids caused by vo-
lumetric diﬀerences between the liquid and solid solution (Kaufman
and Rooy, 2004). Pore growth is primarily caused by Ostwald ripening
(Toda et al., 2009).
There are many factors that might aﬀect porosity, including wire
feed speed (WFS), travel speed (TS), metal transfer mode and wire
batch. WFS refers to the rate that wire is fed to the arc and is inﬂuenced
by current and voltage. TS refers to rate that the arc moves with respect
to the workpiece. This study involves cold metal transfer (CMT), a
common process used for WAAM. CMT is a modiﬁed metal inert gas
(MIG) welding process that utilises short circuit welding to detach
single droplets of feedstock wire into the weld pool. There are diﬀerent
CMT modes: CMT-P, CMT-ADV and CMT-PADV. ‘P’ refers to pulsing the
current, ‘ADV’ involves a reversal of polarity of the welding current in
the short circuit phase of the CMT cycle and ‘PADV’ describes the
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polarity diﬀerence of the pulse cycle (positively poled) and the CMT
cycle (negatively poled).
The eﬀects of WFS, TS and CMT mode on porosity have been ana-
lysed previously for aluminium WAAM. Ayarkwa et al. reported that
the higher the WFS to TS ratio, the higher the pore count (Ayarkwa
et al., 2015). A higher WFS to TS ratio results in a higher amount of
deposited material per unit length which increases the weld bead size. It
was suggested that a larger weld bead size would limit the ability of
hydrogen bubbles to escape to the surface. For a very high WFS to TS
ratio of 25, it was observed that the pore count decreased, which was
attributed to the high heat input which lowered the cooling rate, al-
lowing more time for the hydrogen bubbles to escape. It has also been
shown for MIG welding, a process on which WAAM is based, that a high
WFS increased the rate of hydrogen absorption to the weld pool for
aluminium, which could increase porosity in the solidiﬁed material
(Woods, 1974). It is possible that similar behaviour occurs during
WAAM.
It has been observed that AA2319 panels manufactured using CMT-
PADV result in little or no porosity compared to panels manufactured
using CMT-P and CMT-ADV (Cong et al., 2015). The authors attributed
the reduction in porosity to a combination of lower heat input and more
eﬀective removal of the oxide layer from the wire surface of CMT-PADV
compared to the other CMT modes. Lower heat input resulted in a
higher number of ﬁne equiaxed grains and fewer dendrites, which act
as nucleation sites for hydrogen pores. It has also been observed that
AA2319 panels manufactured using CMT-ADV reduced the number of
pores and area of porosity compared to CMT-P: from around 1.0% to
0.3% (Cong et al., 2017). It was again suggested that the reduction in
porosity was caused by a lower heat input, resulting in a reﬁned grain
structure, and more eﬀective oxide layer removal from the wire surface
of CMT-ADV compared to CMT-P.
Few attempts to analyse the inﬂuence of wire batch on porosity of
aluminium WAAM components are reported in the open literature. It
has been suggested that moisture in the oxide layer and contamination
on the surface of the wire is a source of hydrogen and thus porosity
during WAAM (Cong et al., 2015; Bai et al., 2017; Cong et al., 2017)
which may vary batch-to-batch. As previously discussed, a reduction in
porosity of aluminium WAAM components has been observed when the
oxide layer on the surface of wire had been cleaned. It is also commonly
acknowledged that the primary source of the hydrogen for MIG welding
is the feedstock wire content, particularly contamination and a hy-
drated oxide layer on the surface of the wire (Devletian and Wood,
1983; Harris, 1988; Gingell and Gooch, 1998; Ryazantsev and
Fedoseev, 2002) which could vary from batch to batch.
It has been shown that wire composition, which can vary from batch
to batch, aﬀects porosity for aluminium MIG welding. The addition of
magnesium, lithium and zinc to commercial purity 1100 alloy welding
wire can increase the solid solubility of hydrogen and adding copper
has been shown to reduce it: the solid solubility of hydrogen in non-
equilibrium rapid cooling conditions has been reported as 0.45ml per
100 g in AA2219 compared to 0.7ml per 100 g in AA1100 (Woods,
1974). However, it has been previously reported that welds produced
with wire of the same nominal alloy but diﬀerent allowed alloying
element content showed no signiﬁcant diﬀerences in porosity
(Masubuchi, 1972). Copper content of the wire also aﬀects porosity as
shrinkage porosity in AA 2319 arises from the Al2Cu eutectic and hy-
drogen migration into the vacancies induced by dissolution of copper-
bearing eutectic during heat treatment (Gu et al., 2016). Work on
porosity in aluminium castings has shown the volume fraction of
porosity was far lower in 99.999% pure aluminium than Al-Mg alloys
containing the same amount of hydrogen which was attributed this to a
lack of precipitates in pure aluminium that act as hydrogen nucleation
sites (Toda et al., 2009).
Surface ﬁnish of the wire could aﬀect porosity as wire with poor
surface ﬁnish results in unstable arcs during WAAM (Gu et al., 2015)
and unstable arcs are associated with porosity. It has been observed that
unstable arcs during MIG welding result in shielding gas contamination
for steel (Hutt and Lucas, 1982; Rodwell, 1985, 1987) and an increase
in gas absorption for aluminium (Woods, 1974), both of which could
aﬀect porosity.
In this study, porosity measurements are presented for AA2319
WAAM panels that have been manufactured using diﬀerent WFS, TS,
CMT modes and wire batch. Possible sources of porosity are discussed.
2. Experimental
A set of panels was manufactured from 1.2 mm diameter AA2319
wire using diﬀerent build parameters and feedstock wire. The nominal
composition of AA2319 is shown in Table 1.
The panels were manufactured using an ABB robot with a Fronius
Cold Metal Transfer (CMT) power source. The panels were manu-
factured to a length of 200mm and a height of 120mm. The wire was
deposited in single pass layers and alternating layers were deposited in
opposite directions. Wire from three diﬀerent manufacturers, denoted
A, B and C, were used. Six diﬀerent batches of wire were used in total,
two from each manufacturer: A1, A2, B1, B2, C1 and C2. 99.998%
argon shielding gas at a gas ﬂow rate of 20 l min−1 was used for all the
builds. The details of the build parameters are speciﬁed in Table 2.
Samples were extracted from the panels after solution treatment at
535 °C for 1 h, water quenching and artiﬁcially aging at 190 °C for 26 h.
All of the samples were extracted from a region 40mm from the edge at
half height. Samples were mounted through the thickness of the panels,
perpendicular to the WAAM layers and polished for metallographic
examination. Two diﬀerent operators each measured the porosity
Table 1
Nominal composition of AA2319 (wt %).
Cu Mg Mn Ti Zr V Zn Si Fe
5.8-6.8 ≤ 0.02 0.2–0.4 0.1–0.2 0.1–0.25 0.05–0.15 ≤ 0.1 ≤ 0.2 ≤ 0.3
Table 2
Details of the wire, CMT mode, WFS and TS used for manufacture of all the
panels.
Wire Part Label CMT mode WFS (m min−1) TS (m min−1)
A1 Panel A PADV 6 0.6
A1 Panel B P 6 0.6
A1 Panel C P 4.5 0.6
A2 Panel D PADV 6 0.6
A2 Panel E ADV 3.5 0.3
B1 Panel F PADV 6 0.6
B1 Panel G PADV 6 0.6
B1 Panel H PADV 3.5 0.3
B1 Panel I PADV 3.5 0.3
B1 Panel J PADV 3.5 0.3
B1 Panel K P 6 0.6
B1 Panel L P 4.5 0.6
B2 Panel M PADV 6 0.6
C1 Panel N PADV 6 0.6
C1 Panel O PADV 3.5 0.3
C1 Panel P P 6 0.6
C1 Panel Q P 4.5 0.6
C2 Panel R PADV 6 0.6
C2 Panel S PADV 3.5 0.3
C2 Panel T P 6 0.4
C2 Panel U P 4.5 0.6
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across 20 diﬀerent micrographs over an area of 84 mm2, covering ap-
proximately 20 layers in height, on at least two independent polished
planes, using a Nikon Eclipse LV150 light microscope with Leica
Analysis software.
3. Results
3.1. Porosity measurements
The results reveal a signiﬁcant outcome: porosity in AA2319 WAAM
components is aﬀected by the wire batch used. The distributions of
pores in panels manufactured using wire from diﬀerent wire manu-
facturers and the same build parameters are illustrated in Fig. 1.
Spherical pores of size 20 μm2 to over 5000 μm2, ﬁne pores that were
less than 20 μm2 and irregularly shaped pores with a range of sizes were
observed in the panels in diﬀerent quantities. Panels A, B and C, built
with wire from Manufacturer A, had some large spherical pores, of over
1000 μm2 in size, but most pores were less than 20 μm2 in size. Panels D
and E, also built with wire from Manufacturer A, contained mostly
pores under 10 μm2 in size and contained very few pores of over
1000 μm2. Panels built with wire from Manufacturer B again contained
mostly ﬁne pores but contained very few large spherical pores and most
panels contained none over 5000 μm2 unlike Panels A, B, C and panels
built with wire from Manufacturer C. The panels built with wire from
Manufacturer C contained more large pores, exceeding 100 μm2 in size,
than the other panels. Fig. 2 and 3 show the distribution of pores for
panels built with wire from the same manufacturer and diﬀerent build
parameters. There did not appear to be any clear pattern in pore size
distribution with respect to WFS, WFS to TS ratio and CMT mode for the
values used in this work.
Fig. 4 shows the average area fraction of porosity for all of the
panels and illustrates the variation of porosity with WFS and WFS to TS
ratio. The key factor that aﬀected porosity in these experiments is the
wire manufacturer. Panels that were manufactured using wire from
Manufacturer B had far lower area fractions of porosity than most of the
panels from Manufacturer A and all of the panels from Manufacturer C
regardless of the build parameters used: less than 1.0% compared to
2.0–3.5 % area fraction. Panels D and E did not follow this pattern,
however, and contained signiﬁcantly lower porosity than other panels
built with wire from the same manufacturer, Manufacturer A. The area
fraction of Panels D and E was 0.3% which was similar to panels built
with wire from Manufacturer B. Panels D and E were built with Wire
A2, which was manufactured using a diﬀerent process from the other
batch from Manufacturer A, Wire A1.
Single factor analysis of variance (Anova) was used to determine if
the diﬀerences in the porosity measurements were statistically sig-
niﬁcant for the four factors. Single factor Anova is used to test the null
hypothesis that the means of diﬀerent populations are equal by calcu-
lating the p-value, the probability that the means of a population are
equal for a given signiﬁcance level. Table 3 shows the p-values fol-
lowing the analyses for wire manufacturer, CMT mode, WFS and WFS
to TS ratio for a signiﬁcance level of 0.05. The p-value for Wire Man-
ufacturer shows that the diﬀerences in area fraction of porosity between
Manufacturers A, B and C are statistically signiﬁcant. Therefore data
from diﬀerent wire manufacturers were also treated as separate popu-
lations for the other manufacturing parameter inputs. The p-values of
greater than 0.05 show that there is insuﬃcient evidence to indicate
signiﬁcant diﬀerences between the porosities generated across the
ranges of diﬀerent manufacturing parameters used. This may mean that
the porosity is not dependent on the input parameter within the range
tested or that there are insuﬃcient data to distinguish any relationship
3.2. Wire characterisation
The batches of wire used to build the panels were characterised to
determine the likely causes of variation in porosity. The composition
and surface ﬁnish were analysed as it was thought possible that these
might play a role in determining porosity. The composition of wire
samples was analysed using inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES), see Table 4. There were noticeable
Fig. 1. Optical micrographs for three panels manufactured using the same build parameters with wire from diﬀerent manufacturers: (a) Panels B, (b) K and (c) P and
(d) a cumulative frequency histogram of the pore size distribution for the panels for 42mm2 across one plane.
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diﬀerences: wire from Manufacturer B contained more copper and less
silicon than wire from Manufacturer A and C. Wire from Manufacturer
A contained a higher amount of iron than wire from Manufacturer B
and C.
The surface ﬁnish of the wires was characterised using reﬂected
light microscopy and SEM. Figs. 5 and 6 display images of the wire
batches used. Wire A1 had frequent scratches, notches and irregularities
in the surface at various angles to the drawing direction. Wire A2 had a
diﬀerent surface ﬁnish to Wire A1 from the same manufacturer; there
were signiﬁcantly fewer notches, smaller surface irregularities, the
surface appeared brighter and there was less black residue on the sur-
face. Marks on the surface were predominantly shallow lines parallel to
the drawing direction. Wire from Manufacturer B had a surface ﬁnish
similar to A2: few notches and transverse scratches, no deep cracks, a
bright surface with little black residue on the surface. Wire from
Manufacturer C had apparently deep cracking transverse to the drawing
direction, a high density of large notches and pits along the length and a
dull surface with signiﬁcant black residue.
4. Discussion
It is evident from the results that the wire used was the primary
inﬂuence on porosity for AA2319 panels built using WAAM. There was
signiﬁcant variation in the porosity of panels built with wire from dif-
ferent wire manufacturers and also batch-to-batch variation with wire
from Manufacturer A. Panels built with wire from Manufacturer B
contained area fractions of porosity less than half that of panels built
with Wire A1 and panels built with wire from Manufacturer C: 0.2 -
0.7% compared to 2.0–2.3 % and 2.3–3.0 % respectively. The area
fraction of porosity for Panels D and E was 0.3%, almost a magnitude of
order less than for Panels A, B and C, which were built with wire from
the same manufacturer but a diﬀerent batch. There were notable dif-
ferences in the pore size distribution between the diﬀerent wire man-
ufacturers. Panels built with wire from manufacturer B contained no
pores over 5000 μm2 in size, unlike Panels A, B, C and panels built with
wire from Manufacturer C, and very few over 1000 μm2 in size, unlike
panels built with wire from Manufacturer C. The inﬂuence of wire batch
on porosity appears to have dominated over the inﬂuence of WFS, TS
Fig. 2. Cumulative frequency histogram of the pore size distribution for 42mm2 across one plane for four panels manufactured using diﬀerent build parameters with
wire from Manufacturer B.
Fig. 3. Cumulative frequency histogram of the pore size distribution for 42mm2 across one plane for three panels manufactured using diﬀerent build parameters with
wire from Manufacturer C.
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and CMT mode that were observed to have been more signiﬁcant in
other work (Cong et al., 2015; Ayarkwa et al., 2015; Cong et al., 2017).
There are various features of feedstock wire that could cause
porosity including hydrogen content, composition and surface ﬁnish.
Spherical pores are typical of hydrogen gas entrapment; irregularly-
shaped pores found at grain boundaries are associated with shrinkage
during solidiﬁcation. It appears that gas porosity was the primary me-
chanism for porosity formation as opposed to shrinkage porosity as
spherical pores were by far the most common in all the panels. It is not
evident what the source of the hydrogen was. Panels N, O, P and Q were
built with reduced lubricant wire, C1, but did not contain lower area
fractions of porosity than Panels R, S, T and U which were built with
standard lubricant wire from the same manufacturer, C2. Claims that
C1 has reduced lubricant have not been tested independently of the
wire manufacturer so it is not possible to state that lubricant was not a
principal source of the hydrogen. There are other possible sources of
hydrogen. Hydrogen can also be found in the oxide layer on the surface
of the wire or within the bulk of the wire (Gingell and Gooch, 1998).
The porosity measurements of Panel D and E, built with Wire A2,
compared to Panels A, B and C, built with Wire A1, do support the
suggestion that the source of the hydrogen is the surface of the wire.
Wire A2 was manufactured from the same raw material batch but using
diﬀerent dies, a diﬀerent cleaning process and a diﬀerent spooling
process to Wire A1. These factors could have inﬂuenced both surface
ﬁnish and the amount of contamination on the surface of the wire. It is
likely that diﬀerent manufacturers use diﬀerent manufacturing pro-
cesses and equipment which could be the cause for signiﬁcant variation
Fig. 4. (a) The average area fraction of porosity across 40 ﬁelds of measurement over two independent planes of the panels, totalling an area of 84 mm². The error
bars indicate the standard deviation. (b) Correlation between WFS and porosity and (c) correlation between WFS to TS ratio and porosity.
Table 3
P-values following single factor Anova for wire manufacturer, CMT mode, WFS
and WFS to TS ratio. The relationships between CMT mode, WFS and WFS to TS
ratio for panels built with wire from Manufacturer A have not been included
due to insuﬃcient data points.
Wire Manufacturer Wire Manufacturer CMT Mode WFS WFS to TS Ratio
All 1.1× 10−8 0.2 0.6 0.4
B – 0.3 0.7 0.7
C – 0.5 0.1 0.1
Table 4
ICP-OES results for 25 g samples of wire from A1, A2, B1, B2 and C2 (wt %).
Cu Mg Mn Ti Zr V Zn Si Fe
A1, A2 5.62 – 0.27 0.12 0.11 0.10 – 0.07 0.22
B1 6.26 – 0.31 0.12 0.12 0.08 0.01 0.05 0.16
B2 6.18 – 0.31 0.13 0.10 0.08 – 0.04 0.13
C2 5.98 – 0.30 0.11 0.11 0.07 – 0.13 0.16
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of wire surface appearance and porosity generated by WAAM. Further
characterisation of the wire is required to determine the most likely
source of the hydrogen. Detailed understanding of the diﬀerent wire
manufacturing processes would also be of use to determine which
features of the wire inﬂuence formation of porosity in aluminium
WAAM parts.
The results suggest that wire composition was not the primary cause
of variation in porosity observed between diﬀerent batches of wire,
which is in agreement with a previous study (Masubuchi, 1972). Wire
from Manufacturer B, which consistently resulted in panels with low
area fractions of porosity, contained more copper than the other man-
ufacturers but it is unlikely that the diﬀerence in copper was signiﬁcant
enough to aﬀect the hydrogen solid solubility. Diﬀerences in hydrogen
solid solubility have been reported for the AA2219 and AA1100 alloys
but the diﬀerence in copper content was 6.0 wt %, an order of magni-
tude higher than the diﬀerences observed between the batches in this
study. Also Wire A2 resulted in panels that had low area fractions of
porosity, comparable to panels built with wire from Manufacturer B,
but had the same composition as Wire A1, which resulted in high area
fractions of porosity.
Wire with a good surface ﬁnish resulted in much lower porosity
than wire with a poor surface ﬁnish. Poor surface ﬁnish refers to a wire
surface with notches, scratches and cracks, as well as a dull colour that
indicates contamination. All of the wire from Manufacturer B and Wire
A2 had a good surface ﬁnish, in that they appeared shiny, any features
on the surfaces were relatively shallow and there were few notches or
indicators of damage. Diﬀerences in surface ﬁnish could aﬀect the
amount of hydrogen in the weld pool and arc stability, both of which
would inﬂuence porosity formation. Notches and a rough surface ﬁnish
act as sites of contamination and increase the surface area of the oxide
layer, which would increase the amount of hydrogen and thus porosity.
It has been found that steel wire with a surface roughness of over
1.0 μm had around 50% more hydrocarbon residue than wire with a
surface roughness of less than 0.7 μm (Zinke and Schroder, 2004). It has
Fig. 5. Reﬂected light micrographs of (a) Wire A1, (b) Wire A2, (c) Wire B1, (d) Wire B2, (e) Wire C1 and (f) Wire C2.
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been previously observed that wire surface ﬁnish aﬀects arc stability
during WAAM of aluminium (Gu et al., 2015) and MIG welding of steel
(Rodwell, 1985). An unstable arc can result in porosity as it can cause
shielding-gas contamination, disturbances of the weld pool and increase
hydrogen absorption to the weld pool. In addition to analysing the
amount of hydrogen on the surface of the wire, monitoring arc stability
would be of use to analyse relationships between surface ﬁnish, arc
stability and porosity.
5. Conclusions
• The results show that for the WAAM build parameters used in this
study the primary inﬂuence on porosity in AA2319 is wire batch
used.
• There does not appear to be signiﬁcant variation in porosity due to
diﬀerences in CMT modes, WFS, or WFS to TS ratio used in this
work.
• It appears that surface ﬁnish is a critical feature of the wire that
inﬂuences porosity formation. Bulk composition of the wire did not
aﬀect porosity.
• Surface ﬁnish could aﬀect the hydrogen content on the wire due to
notches creating trap sites for contamination and a rough surface
causing an increase in surface area. An increase in hydrogen content
would increase porosity.
Fig. 6. SEM micrographs of (a) Wire A1, (b) Wire A2, (c) Wire B1, (d) Wire B2, (e) Wire C1 and (f) Wire C2.
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• Further work includes analysing the hydrogen content of the wires
used in this study and monitoring arc stability of future builds to
understand the inﬂuence that wire batch has on porosity formation.
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